Abstract. Multiple symmetric lipomatosis (MSL) is a rare disorder characterized by aberrant multiple and symmetric subcutaneous adipose tissue accumulation in the face, neck, shoulders, back, chest and abdomen, severely affecting the quality of life of patients. At present, precise MSL etiology and pathogenesis remain to be elucidated. The present study first utilized a digital gene expression technique with a next-generation sequencing platform to profile differentially expressed genes in three cases of MSL vs. normal control tissue. cDNA libraries from these tissue specimens were constructed and DNA sequenced for identification of differentially expressed genes, which underwent bioinformatic analysis using the Gene Ontology (GO) enrichment, Kyoto Encyclopedia of Genes and Genomes (KEGG) and protein-protein interaction (PPI) network analyses. As a result, a total of 859 differentially expressed genes were identified, including 308 upregulated genes (C19orf80, Apelin, C21orf33, FAM166B and HSD11B2 were mostly upregulated 6.984-, 4.670-, 4.412-, 3.693-and 3.561-fold, respectively) and 551 downregulated genes [FosB proto-oncogene, AP-1 transcription factor subunit (FOSB), selectin (SEL) E, RAR related orphan receptor (ROR) B, salt inducible kinase (SIK)1 and epidermal growth factor-like protein (EGFL)6 were mostly downregulated -9.845, -8.243, -8.123, -7.702 and -7.664 fold, respectively). The GO functional enrichment analysis demonstrated these differentially expressed genes were predominantly involved in biological processes and cellular components, while the KEGG pathway enrichment analysis demonstrated that ribosome, non-alcoholic fatty liver disease, human T-lymphotropic virus type 1 (HTLV-I) infection and Alzheimer's disease pathways were altered in MSL. The PPI network data demonstrated ubiquitin C (UBC), translocator protein (TSPO), Jun Proto-Oncogene, AP-1 Transcription Factor (JUN) and FOS were among these differentially expressed genes that participated in regulation of adipocyte differentiation, although no previous study has linked them to MSL. In conclusion, the present study profiled differentially expressed genes in MSL and identified gene pathways that may be associated with MSL development and progression.
Introduction
Multiple symmetric lipomatosis (MSL), first described in 1846 by Brodie (1), is a rare disorder characterized by aberrantly multiple, symmetric and substantial subcutaneous adipose tissue overgrowth in the face, neck, shoulders, back, chest and abdomen (2, 3) . MSL patients will present several clinical repercussions, including sleep apnea syndrome, swallowing and breathing difficulties, and polyneuropathies (4, 5) . MSL frequently occurs in men between 30 and 70 years of age with a high incidence rate of 1:25,000 in the Mediterranean region and a low rate in Asia. Alcoholism is a highly-associated risk factor in the development of MSL (6) (7) (8) . MSL diagnosis is based on history, clinical appearance and X-ray computed tomography or magnetic resonance imaging. To date, the majority of studies of MSL have demonstrated that adipose tissue accumulation in MSL patients does not result in metabolic dysfunctions (9, 10) , whereas other studies reveal an association of MSL with hyperlipidemia, diabetes mellitus, hypertension, or liver disease (11, 12) . Clinically, there are no effective treatments for MSL, leading to a disappointing disease control, although other preventive measures or procedures, including alcohol withdrawal and weight reduction, may help in control of MSL fat mass, however do not reduce the progression of the disease (13) . Currently, the primary treatment is surgical fat excision or liposuction and the latter is only effective on a smaller fat mass (14) . The recurrence rate of surgical fat excision is ~63%, and the recurrence rate of liposuction is 95% (12) .
At present, the precise MSL etiology and pathogenesis remain to be elucidated. Previous studies demonstrated an association of MSL with the point mutations (m.8344A>G or m.8363 G>A) in the mitochondrial DNA, genes of which are associated with the lipolytic pathway (15, 16) . Further studies have demonstrated that MSL is associated with myoclonus epilepsy and ragged red fibers syndrome (17, 18) . Furthermore, additional studies reported that pre-adipocytes express high levels of uncoupling protein 1 (UCP1) in MSL and the latter is a brown adipocyte marker for MSL adipocytes containing abundant mitochondria in the cytoplasm, suggesting overgrowth of MSL adipocytes from immature brown precursor cells (19, 20) . In addition, defects in the adrenal β3 adrenoceptor function or decrease in inducible nitric oxide synthase (iNOS) are also postulated in MSL since decrease in iNOS leads to reduction of nitric oxide and in turn, to enhancement of adipogenesis (19, 20) . A recent study analyzed differential expression of p53 signaling pathway genes, nuclear receptors and co-regulators and mitochondrial genes using pathway cDNA arrays in adipose tissues derived stem cells in five sporadic MSL cases (21) . Therefore, improved understanding of MSL pathogenesis and identification of gene alterations may aid the provision of novel strategies in MSL control, prevention and prognosis.
The present study employed a digital gene expression technique with a next-generation sequencing platform to first profile differentially expressed genes in MSL compared with normal control tissues. The technique overcomes the deficiency of cDNA microarray technique with improved accuracy, sensitivity, repeatability and detection range in analysis of gene transcripts. The present study aimed to provide novel information regarding the differentially expressed genes in MSL in order to identify novel strategies in prevention, treatment and pathogenesis of MSL in the future.
Materials and methods
Patients and samples collection. The present study recruited three male MSL patients (age range between 45 to 51 years old) who received medical treatment in The Department of Endocrinology and General Surgery, The Third Xiangya Hospital of Central South University (Changsha, China). These unrelated patients were clinically diagnosed with MSL and reported in the author's previous studies (10, 22) . Clinically, these patients had fatty masses progressively appearing in the neck, upper arms, bilateral shoulders, upper thorax, back and abdomen with a history of heavy alcohol consumption (100-150, 100-150 and 150-200 ml of wine daily for 15, 10 and 8 years, respectively). Furthermore, the present study obtained three age-and sex-matched control males from the outpatient clinic as control subjects. These control subjects had no history of diabetes, malignancies, acute infectious disease, or smoking history and were matched with MSL patients in terms of age, body mass index and where they lived. These samples were collected at The Third Xiangya Hospital, Central South University (Changsha, China) between July 2008 and September 2014. The present study was approved by the Human Ethical Review Committee of The Third Xiangya Hospital, Central South University and all studies were conducted according to the principles expressed in the Declaration of Helsinki. Subjects signed informed written consent prior to their inclusion in the present study. Tissue samples were obtained from the right upper abdomen subcutaneous lipomatous tissues of MSL patients and from the right upper abdomen subcutaneous adipose tissues of control subjects and then snap-frozen and stored at -80˚C until use. (New England Biolabs, Inc., Ipswich, MA, USA) following the manufacturer's protocols. Briefly, mRNA was purified from the RNA samples using poly-T-oligo-attached magnetic beads and fragmented to ~200 bp using divalent cations under elevated temperature and then reversely transcribed into cDNA using random hexamer primers and M-MuLV Reverse Transcriptase. The second strand cDNA was synthesized using RNase H, dNTP and DNA polymerase I. Subsequently, polymerase chain reaction (PCR) was performed using Phusion High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer for double-stranded cDNA amplification. The PCR products were then purified using the AMPure XP system and the library quality was assessed using the Agilent Bioanalyzer 2100 system and the cDNA library was sequenced using an Illumina Hiseq 2000/2500 platform and 100 bp/50 bp single-end reads were generated.
Data analysis. The raw data generated from Illumina Hiseq 2000 sequencing were processed through in-house Perl scripts. The processed data reads were filtered into clean reads by removing adaptor sequences, duplicated sequences, empty reads, or poly-N reads containing >10% 'N' and low-quality reads (<Q20). The clean reads were then mapped to the reference sequences with using TopHat 2 available at www.ccb.jhu.edu/software/tophat. Next, differentially expressed genes in MSL compared with controls were identified using the DESeq R package from www.bioinfo.au.tsinghua.edu.cn/software/degseq (23) . DESeq provides statistical routines to determine differential gene expression with the digital gene expression data using a model based on the negative binomial distribution. The resulting P-values were then adjusted using the Benjamini and Hochberg's approach for controlling the false discovery rate (24) . Genes with an adjusted P-value <0.05 identified by DESeq were assigned as differentially expressed ones.
Bioinformatic analysis. These differentially expressed genes were grouped and analyzed using the Gene Ontology (GO) enrichment analysis with the GOseq R package (version 1.12.0), in which gene length bias was corrected. GO terms with corrected P<0.05 were considered significantly enriched.
Subsequently, these differentially expressed genes were grouped into gene pathways using the pathway enrichment analysis with the Kyoto Encyclopedia of Genes and Genomes database (KEGG; www.genome.jp/kegg) and KOBAS version 2.0 software (25, 26) . The statistical enriched differentially expressed genes in KEGG pathways were considered significant with corrected P<0.05.
Protein-protein interaction (PPI) analysis was performed to predict PPIs of these differentially expressed genes (mips.helmholtz-muenchen.de/proj/ppi/). The protein network was then constructed using these differentially expressed gene IDs using the STRING database (http://string-db.org/) and Cytoscape version 3.5.1 software (http://www.cytoscape .org/download.html).
Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was isolated from tissue samples using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and 1 µg of each RNA sample was reversely transcribed into cDNA using a reverse transcription kit (Fermentas; Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA). PCR amplification was performed for 12 genes that were randomly selected for validation of gene profiling data on a Mastercycler ® ep realplex real-time PCR (Eppendorf, Hamburg, Germany). The primer pairs are listed in Table I and were synthesized by Shanghai Shenggong Biology Engineering Technology Service, Ltd. (Shanghai, China). GAPDH was used as an endogenous control. The SYBR-Green PCR assay contained 10 µl of QuantiTect SYBR-Green PCR Master mix (ToYoBo, Osaka, Japan), 2 µl of cDNA, 1.2 µl of each primer (10 µM) and 6.8 µl of RNase-free water, The cycling conditions were as follows: An initial denaturation at 95˚C for 1 min, followed by 40 cycles of denaturation for 15 sec at 95˚C, annealing for 30 sec at 60˚C and extension for 30 sec at 72˚C. Levels of the relative gene expression were computed using the 2 -ΔΔCT method (27) , and each experiment contained three replicates.
Statistical analyses. All statistical analyses were performed by using SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA) and an unpaired Student's t-test was used to analyze data between MSL and control. P<0.05 was considered to indicate a statistically significant difference. 
PPAR-γ, peroxisome proliferator activated receptor; PDXK, pyridoxal pyridoxine, vitamin B6 kinase; PGLS, phosphogluconolactonase; DGAT1, diacylglycerol O-acyltransferase 1; HOXC8, homeobox C8; ATP5D, ATP synthase, H + transporting, mitochondrial F1 complex, ∆ Subunit A; THY-1, Thy-1 cell surface antigen; SAR1A, secretion associated Ras Related GTPase 1A; IGF1R, insulin like growth factor 1 receptor, HBEGF, heparin binding EGF like growth factor; RGS16, regulator of G-protein signaling 16; JUNB, Jun Proto-Oncogene, AP-1 Transcription Factor B.
Results

DNA sequencing of cDNA libraries from MSL and control.
To profile differentially expressed genes in MSL and explore genes that may associate with MSL pathogenesis, 6 cDNA libraries (3 of MSL A1, A2 and A3 vs. 3 of control B1, B2 and B3) were constructed. Following the removal of adaptor sequences, duplicated sequences, poly-N reads containing >10% 'N' and low-quality reads (<Q20), a total number of clean reads per library ranged between 26.6 and 38.2 million were obtained. The Q20 values were >96% and GC content ~53% (Table II) .
Identification of differentially expressed genes in MSL.
The present study obtained a total of 859 genes that were differentially expressed in MSL, of which 308 genes were upregulated and 551 were downregulated (the top 20 up-and downregulated genes are presented in Tables III and IV) . Specifically, expression levels of C19orf80, apelin (APLN), C21orf33, FAM166B and HSD11B2 were the most upregulated in MSL, whereas expression levels of FosB proto-oncogene, AP-1 transcription factor subunit (FOSB), selectin (SEL) E, RAR related orphan receptor (ROR) B, salt inducible kinase (SIK)1 and epidermal growth factor-like protein (EGFL) were the most downregulated. These differentially expressed genes were then clustered together in Fig. 1 , where the red colored genes are upregulated and the blue colored genes downregulated. The results verified that MSL vs. the normal control had differentially expressed genes. A volcano map ( Fig. 2 ) with log 2 (fold change) as the abscissa and -log 10 (q-value) as the ordinate was used to demonstrate the overall distribution of differentially expressed genes between MSL and controls. In this volcano map, upregulated genes are presented as red dots and downregulated genes as green dots.
Functional annotation and pathway assignment. GO term analysis was then performed to group genes with similar functions and associations, and KEGG was used to group these differentially expressed genes into gene pathways. These differentially expressed genes could be enriched into 8,162 GO categories for different biological processes, cellular components and molecular functions. As presented in Fig. 3 , the top 30 GO categories for 26 different biological processes and 4 cellular components were identified. Of these 30 GO categories, cellular component 'cytoplasm' was the most enriched, involving 584 differentially expressed genes. Of the 26 biological processes, the GO categories 'positive regulation of biological process', 'positive regulation of cellular process' and 'developmental process' were most enriched.
The KEGG pathway database analysis of these differentially expressed genes enriched 245 gene pathways and Fig. 4 demonstrates the top 20 pathways, in which 27 differentially expressed genes were enriched 'ribosome', 26 differentially expressed genes in 'non-alcoholic fatty liver disease (NAFLD)', 33 differentially expressed genes in 'HTLV-I infection' and 26 differentially expressed genes in Alzheimer's disease (Fig. 4) .
Protein-protein interaction analysis.
Subsequently, protein-protein interaction analysis of these differentially expressed genes was performed. In Fig. 5, 35 genes were demonstrated to be linked by more than 40 directed edges, of which ubiquitin C (UBC), translocator protein (TSPO), Jun Proto-Oncogene, AP-1 Transcription Factor (JUN) FOS and EGFR were most enriched with neighbor proteins.
RT-qPCR confirmation of differentially expressed genes in MSL tissues.
The expression of 12 randomly selected differentially expressed genes in MSL was next verified using RT-qPCR. The data confirmed that peroxisome proliferator activated receptor (PPAR)-γ, pyridoxal pyridoxine, vitamin B6 kinase, phosphogluconolactonase, diacylglycerol O-acyltransferase 1, homeobox C8, ATP synthase, H + transporting, mitochondrial F1 complex, D Subunit A, Thy-1 cell surface antigen and secretion associated Ras Related GTPase 1A were indeed significantly upregulated in MSL compared with control. Conversely, insulin like growth factor 1 receptor, heparin binding EGF like growth factor, regulator of G-protein signaling 16 and JUNB were significantly downregulated in MSL (Fig. 6 ), indicating that these data are highly consistent with the gene profiling data.
Discussion
The current study first profiled differentially expressed genes in MSL compared with normal controls and identified a total of 859 differentially expressed genes in MSL, of which 308 genes were upregulated and 551 downregulated. The most upregulated genes in MSL were C19orf80, APLN, C21orf33, FAM166B and HSD11B2, and the most downregulated genes were FOSB, SELE, RORB, SIK1 and EGFL6. The current study profiled differentially expressed genes in MSL and identified gene pathways that may be associated with MSL development and progression. The data from the current study were partly consistent with those of a previous study reported by Harsch et al (28) using ELISA to detect decreased interleukin (IL)6 and increased leptin (LEP) in plasma, however are quite different from those of Prantl et al (21) which demonstrated that levels of IL6 and tumor necrosis factor (TNF) were upregulated, as the data from the current study demonstrated downregulated IL6 and TNF levels. The data from the current study also failed to demonstrate upregulated levels of UCP1, 2, 3 and 4. Future studies will further investigate the role of these differentially expressed genes and gene pathways in MSL development and progression. The current study grouped and enriched these differentially expressed genes into functional groups of genes using GO categories and KEGG pathway analyses. The data demonstrated that the 'cytoplasm' was the most enriched category in GO term analysis. The cell cytoplasm is a component where the majority of gene products are localized, suggesting these genes may take part in MSL progression in the cytoplasm. Other GO terms were the 'positive regulation of biological process', 'positive regulation of cellular process' and 'developmental process'. The development of the cardiovascular symptom is highly associated with fat accumulation (29, 30) , suggesting that these differentially expressed genes may regulate cellular process, particularly adipocyte development. In pathway analysis, the 'ribosome' was most enriched, followed by 'NAFLD', 'HTLV-I infection' and 'Alzheimer's disease'. The ribosome, the site of protein translation, is formed by ribosome proteins and RNA, and localized in the cytoplasm. The present study identified 27 differentially expressed genes that are ribosome proteins, although there is no study, to the best of the authors' knowledge, that reports the correlation of MSL with the ribosome protein, suggesting that these 27 ribosome proteins may regulate the translation of adipocytokines. There is also no direct association between NAFLD and MSL in the literature, however NAFLD pathogenesis is involved in the adipocytokine signaling to promote adipogenesis, suggesting that NAFLD and MSL may utilize similar gene pathways. Protein-protein interaction analysis identified that UBC was in the hub of the network and formed a sub-network by directly connecting to 447 other proteins (Fig. 5) , indicating that UBC serves a role in MSL development and progression. However, Prantl et al (21) did not provide data on UBC, TSPO, JUN, FOS and EGFR, whereas the present study did not find alterations in the p53 signaling pathway, nuclear receptors and co-regulators or mitochondrial genes.
UBC protein is a 76-amino acid polypeptide expressed in all eukaryotes; it is a polyubiquitin precursor that functions to maintain normal cellular ubiquitin levels under stress conditions (31) . Ubiquitin may ubiquitinate and modify cellular proteins to alter protein levels, functions, localization or fate (32, 33) . Polyubiquitin-C serves a crucial role in regulation of protein turnover, particularly under stress conditions (31, 32) . Furthermore, the ubiquitin-proteasome system degrades short-lived regulatory proteins and long-lived structural proteins (33) . Once poly-ubiquitinated, proteins are undergo degradation through the 26S proteasomes. A previous study demonstrated that accumulation of poly-ubiquitinated proteins induced by all 3 ω-3 polyunsaturated fatty acids in adipocytes promotes the degradation of fatty acid synthase and blocks adipogenesis (34) . The current study identified that UBC as the hub of the network was downregulated in MSL, suggesting that its downregulation may induce aberrant fat distribution by decreasing the ubiquitinated proteins that are involved in the adipocyte proliferation and adipogenesis, and that UBC may be a critical target in future control of MSL pathogenesis.
Another protein identified by the protein-protein interaction analysis was 18 kDa TSPO, which formed a 124-protein network as direct neighbors (35) . TSPO is known to be involved in cholesterol metabolism, oxidative stress and cardiovascular pathology, and in various human diseases, including metastatic cancer, Alzheimer's and Parkinson's diseases, inflammation and cardiovascular disorders (36) (37) (38) (39) (40) . A previous study demonstrated that chronic high fat and cholesterol diet reduced the TSPO binding capacity in rat livers and aortas, suggesting that TSPO may be a compensatory responder to the challenges of the high-fat, high-cholesterol diet as a protection mechanism against the triggering of cell death (41, 42) . Therefore, TSPO may be targeted as a novel strategy to reduce atherosclerosis risk or control atherosclerosis, although thus far, there are no studies associating TSPO with MSL.
Certain differentially expressed genes in MSL appeared to be from the same family of genes, including JUN, JUNB and JUND, or FOS, FOSB and FOSL2. Previous studies have reported that, when overexpressed, these gene families impair adipocyte differentiation and regulate adipogenesis through CCAAT/enhancer binding protein (C/EBP)-α or C/EBPβ expression to differentiate mesenchymal cells into adipocytes (43) (44) (45) . In the present study, levels of the transcription factors JUN, JUNB, JUND, FOS, FOSB and FOSL2 were decreased, whereas certain other critical regulatory genes of adipogenesis and lipid metabolism, including PPARγ, sterol regulatory element binding transcription factor 1, C/EBPα, C/EBPβ, insulin induced gene 1, ELOVL fatty acid elongase 6 and LEP were significantly increased in MSL adipose tissue compared with normal controls. These data suggest that altered expression of these genes may participate in dysregulated adipocyte differentiation, leading to MSL development and progression.
In conclusion, the present study used differential gene expression analysis techniques to profile differentially . Validation of differentially expressed genes using RT-qPCR. MSL tissue specimens were subjected to RNA isolation and RT-qPCR amplification of randomly selected 12 differentially expressed genes and GAPDH was used for an endogenous control. Data collected from 3 independent experiments are presented as means ± standard deviation; * P<0.05, Δ P<0.01 vs. normal control tissues. MSL, multiple symmetric lipomatosis; RT-qPCR, reverse transcription-polymerase chain reaction; PPAR-γ, peroxisome proliferator activated receptor; PDXK, pyridoxal pyridoxine, vitamin B6 kinase; PGLS, phosphogluconolactonase; DGAT1, diacylglycerol O-acyltransferase 1; HOXC8, homeobox C8; ATP5D, ATP synthase, H + transporting, mitochondrial F1 complex, ∆ Subunit A; THY-1, Thy-1 cell surface antigen; SAR1A, secretion associated Ras Related GTPase 1A; IGF1R, insulin like growth factor 1 receptor, HBEGF, heparin binding EGF like growth factor; RGS16, regulator of G-protein signaling 16; JUNB, Jun Proto-Oncogene, AP-1 Transcription Factor B.
expressed genes in MSL. A group of differentially expressed genes were identified in MSL, which exhibit the ability to alter adipocyte differentiation, lipid metabolism or protein ubiquitination, and therefore contribute to MSL development and progression. Future studies may be required to verify these differentially expressed genes using a larger spread of MSL tissue samples and explore the role of each differentially expressed gene and any underlying mechanisms associated with the development and progression of MSL.
